Erythrocytic NADH methemoglobin diaphorase acquires NADH-dichlorophenolindophenol diaphorase activity when enzyme-associated NAD is removed.
This report characterizes a previously unsuspected modification of the NADH-methemoglobin diaphorase of human erythrocytes by membrane NAD glycohydrolase (NADGHase). This interaction was found during investigation of the catalytic properties of erythrocytic NAD(P)H-oxidized glutathione reductase (GSSG-R; EC 1.6.4.2.) (1, 2) , and of membrane-induced alterations of the electrophoretic isozyme pattern of this enzyme (3) , when a sharply localized band of NADH-dichlorophenolindophenol diaphorase activity appeared in hemolysates that had been incubated with membranes before electrophoresis (4) . The data indicate that a membrane enzyme whose physiological function is as yet unknown, and the deficiency of which is frequent in AfroAmericans, can interact both in hemolysates and in intact erythrocytes stressed by hydrogen peroxide with the main enzyme responsible for methemoglobin reduction. Furthermore, the usual methods for staining methemoglobin diaphorase actually demonstrate a form of this enzyme modified by NAD removal as well as other diaphorases. METHODS
Blood samples obtained in acid-citrate-dextrose (USP Solution B) were centrifuged for 10 min at 3000 X g (40) , and the plasma and buffy coat were aspirated; the cells, washed three times in 0.15 M Tris * HC1 buffer (pH 7.4), were hemolyzed by freeze-thawing in a dry ice-acetone mixture. The hemolysate was diluted with three volumes of buffer and an aliquot was kept at 40; the other portion was centrifuged for 1 hr at 45,000
Abbreviations: NAD-GHase, nicotinamide-adenine dinucleotide (NAD) nucleosidase (NAD glycohydrolase, EC 3.2.2.5); NADPGHase, nicotinamide-adenine dinucleotide phosphate (NADP) nucleosidase (NADP glycohydrolase, EC 3.2.2.6); NDD, NADH dichlorophenolindophenol diaphorase; GSSG, oxidized glutathione; GSSG-R, oxidized glutathione reductase; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, phosphogluconate dehydrogenase.
X g (40) and the supernate was passed twice through 0. 8-,um Millipore filters. In addition to hemolysates with unremoved membranes, reconstituted membrane-containing hemolysates were prepared by addition of one volume of purified membranes (5, 6) In studies with intact erythrocytes exposed to hydrogen peroxide (7), the cells, washed three times with 0.162 N NaCl (40), were suspended at hematocrits approximating 20 in isosmolar NaCl-phosphate buffer of pH 7.4 (147 mM NaCl-2.1 mM KH2PO4-8.9 mM Na2HPO4); the suspensions were incubated for 3 hr at 370 with or without D-amino-acid oxidase (EC 1.4.3.3, Sigma or Worthington) and D-alanine in concentrations generating 11.2 ,umol of hydrogen peroxide in 2.5 hr at an average rate of 27 nmol min-' ml-'. The cells were then washed five times in buffer and hemolyzed by freezethawing; before electrophoresis, the samples were destromatized by centrifugation and Millipore filtration. In all persons tested, NAD(P)-GHase activity of intact erythrocytes approximated closely those measured in their isolated membranes (P > 0.5; paired t-test; n = 10); in a given person, NAD-GHase and NADP-GHase activities were highly correlated with a mean NADP-GHase/NAD-GHase ratio of 0.60/1; no isolated NAD-GHase or NADP-GHase deficiency was detected and all NADP-GHase-deficient (see below and Figs. 4 and 7) individuals also had NAD-GHase deficiency in the range previously observed in cord and in adult blood samples (11, 12, 6; unpublished observations column equilibrated and eluted with 1 N NaCl in 157 mM Tris buffer (pH 7.4); slots I were loaded with aliquots of this hemolysate to which no NAD was added and slots 2 with aliquots to which 0.1 mM NAD was added after passage through the column. Acrylamide-grl electrophoresis, system B, was performed with borate in the electrode buffer raised to 5.7 mM. Gel portions I and II were stained for NADH diaphorase without (I) or with (II) GSSG; gel portions III and IV were stained with NADPH instead of NaDH either without (III) or with (IV) GSSG. these slower bands in dialyzed hemolysates required GSSG in the stain (Figs. 2, 3 , and 6-II). Further work with fractions eluted from gels, inhibitors, and activators of GSSG-R and with GSSG-R-deficient hemolysates, confirmed that the slower bands were isozymes of NAD(P)H-GSSG-R appearing as NAD(P)H diaphorases in undialyzed hemolysates. In contrast to these GSSG-R bands, the single faster ( hemolysates dialyzed after incubation with these membranes. Formation of NDD required incubation of hemolysates with their unremoved membranes (Figs. 1-I and 6-I) or with purified autologous or homologous membranes (Figs. 3, 4 , and 6-Ij) in some blood samples, NDD could be induced by a membrane-hemolysate contact as short as 15 min at room temperature. Heating the membranes to 80°for 15 min abolished their effect; Tris buffer eluates or Triton X extracts of membranes did not contain NDD, nor could such membrane eluates or extracts induce NDD. Incubation of hemolysates containing membranes with either nicotinamide (Fig. 3) or NAD, but not with NADP or flavin adenine dinucleotide phosphate, prevented NDD formation. Membrane-induced NDD could be abolished by reincubation of destromatized hemolysates with NAD; in contrast, reincubation without additives or with NADP, nicotinamide (Fig. 3 )j or flavin adenine dinucleotide phosphate did not remove NDD. NDD was also induced without membranes, by the following treatments designed to remove bound NAD from destromatized hemolysates: (a) incubation with Neurospora crassa NADase (Sigma D9880, 0.25 units ml-' hemolysate; 1 hr at 370; ( (Fig. 5-1) . NDD induction by membranes or by high-ionic-strength dialysis can be reversed by addition of NAD before electrophoresis (Fig. 2-1 and II, slots 1) , and the appearance of NDD after electrophoresis of destromatized hemolysates in Trisborate or other continuous buffer systems was also prevented by the addition of NAD (but not of NADP) to the gel and electrode buffers. Fig. 4 shows that membranes from erythrocytes deficient in NAD (P)-GHase fail to induce NDD in autologous or homologous normal hemolysates, whereas normal membranes can induce NDD in hemolysates from erythro- (Fig. 6-II) . Fig. 7 (2) , is faint in the membrane-treated, heterozygously deficient hemolysate (6) , and absent in the membrane-treated, homozygous deficient blood (4) as in all hemolysates incubated without membranes (1, 3, 5 NAD(P)-GHase deficiency (II, NADP-GHase 21 units), were exposed to H202. Nondialyzed hemolysates were prepared from cells incubated without -aminoacid oxidase or D-alanine (slots 1), with n-alanine but without oxidase (slots 2), and with oxidase but without D-alanine (slots 3). Slots 4, 5 , and 6, respectively, were loaded with hemolysates prepared from cells incubated with D-aminoacid oxidase and 1-, 1.5-, or 2-times the standard amount of n-alanine. Control destromatized (slots 7) and nondestromatized (slots 8) hemolysates from each person were incubated without H202 (3 hr at 37°) before electrophoresis. Acrylamide-gel electrophoresis (system B); NADK diaphorase stain. activity had been induced by prior exposure to membranes (Fig. 3) . Since nicotinamide inhibits human erythrocytic membrane NAD(P)-GHase (6, 13, 14) , these observations suggested that membranes acted through their NAD-GHase and/or their NADP-GHase activity. NAD, like nicotinamide, prevents NDD formation if incubated with membranes and hemolysates; unlike nicotinamide, however, reincubation of membrane-free hemolysates with NAD, can also reverse previously induced NDD; NADP neither inhibits nor reverses membrane-induced NDD. Thus, membranes seem active by virtue of their NAD-GHase activity. This suggestion was supported further by the activation of NDD in membranefree hemolysates by procedures designed to remove NAD and by the reversal of their effect with NAD but not with NADP (Figs. 3, 5 , and Results). The requirement for membrane NAD-GHase was then established by the search for and detection of persons deficient in erythrocytic membrane NAD(P)-GHase activity (see Methods), and by finding that their membranes could not induce NDD in hemolysates in which this activity could be formed by normal membranes (Fig. 4) . Furthermore, NDD can also be induced in intact normal but not in NAD (P)-GHase-deficient erythrocytes exposed to low amounts of H202 generation (Fig. 7) .
Since NADH methemoglobin diaphorase is often assayed as a dichlorophenolindophenol diaphorase (15) , it seemed possible that this enzyme was the nondialyzable hemolysate component altered by NAD-GHase. This possibility was strengthened by finding that the only protein with NADH methemoglobin diaphorase activity (with ferric hemoglobin as substrate) elutable from preparative gels was located at the position of NDD (Fig. 5) . This conclusion was then established when hemolysates with homozygous deficiency of NADH methemoglobin diaphorase, exposed to their membranes, failed to develop NDD, although these membranes could induce NDD in control hemolysates (Fig. 6) .
These studies thus demonstrate a reversible modification of NADH ferrihemoglobin diaphorase by NAD removal; this modification can be mediated in vitro by the NAD-GHase activity of human erythrocytic membranes, in intact cells stressed by exposure to hydrogen peroxide, as well as in hemolysates. The origin and mechanism of some previously reported NADH methemoglobin diaphorase "aging variants" (16) (17) (18) (19) may now also be explained. Electrophoresis of NADH methemoglobin diaphorase reveals an NAD-stripped form of the native enzyme and requires control of exposure to membranes; furthermore interpretation of such studies for genetic analysis must also take into account that presently used methods for phenotyping NAD(P)H methemoglobin diaphorase can include NAD(P)H GSSG-R isozymes even when GSSG is omitted from the stain; GSSG-R appears then in undialyzed hemolysates as an NAD(P)H diaphorase, and its principal isozyme should not be misinterpreted as a slower NADH methemoglobin diaphorase band (and/or as a slow NADPH methemoglobin reductase band).
Studies of NAD-GHase and NADP-GHase activities in membranes and in intact cells necessary to establish the nature of the membrane component interacting with methemoglobin diaphorase have confirmed the common occurrence of erythrocytic NAD-GHase deficiency in Afro-American adults (12) and revealed that they are also deficient in erythrocytic NADP-GHase. Furthermore, erythrocytic NAD-GHase and NADP-GHase activities are highly correlated in a given individual, and isolated erythrocytic NAD-GHase or NADPGHase deficiency has not been detected. These findings strongly suggest, in contrast to previous reports (20, 21) , that a single membrane enzyme determines the activities of both NADP-GHase and NAD-GHase. The physiological role of membrane NAD(P)-GHase and the reason for the high frequency of NAD(P)-GHase deficiency in Afro-Americans remain unknown. Further studies are thus necessary to determine whether erythrocytic NAD(P)-GHase deficiency can be associated, in vivo and under appropriate stress, with metabolic disturbances mediated by alterations of enzymes affected in vitro by NAD (P)-GHase activity (14, 6, 3) .
